Introduction
As a large country in population and agriculture, crop production is the foundation of sustainable development in society and the economy in China. Since the implementation of the Reform and Opening-up Policy in 1978, China's economy has experienced a continuous rapid development Long, 2014a Long, , 2014b . The food demand has thus irreversibly increased due to the growing economy and population. It is estimated that in 2030, the population of China will peak at 1.6 billion and the total demand for grain will be approximately 640 million tons (SCIC, 1996) . To fill the gap between supply and demand, China's grain output needs to increase by more than 100 million tons in the next 10e20 years.
However, this task is challenged by the problems that have emerged the background of rural restructuring in China.
Rural restructuring, which has been identified in Western Europe, North America and Israel in the Middle East, are taking place in the rural areas of China (Long et al., 2011a; 2011b) . Spatial restructuring, industrial reshaping and administrative reorganization are the three main features of rural restructuring in China which have profound impacts on crop production (Long et al., 2016; Song and Liu, 2016) . The problems emerged in rural restructuring such as nonagriculturalization, non-grain preference and abandonment of farmland use, inevitably decrease the grain production capacity in China (Liu et al., 2013; Long et al., 2012; van der Ploeg et al., 2014; Zhang et al., 2014) . The contradiction among the food, farmland and population in China seems to have intensified under rural restructuring (Deng et al., 2015; Li et al., 2015a Li et al., , 2015b Song et al., 2009; Wu and Tan, 2007) . Given that China cannot increase grain output by expanding cultivated land areas (Li et al., 2015b; Song and Pijanowski, 2014) , it is necessary to improve the productivity of crop production in the existing cultivated land.
After the 1990s, China implemented a series of policies, such as protective grain procurement prices and agricultural tax relief. Along with the implementation of these policies, China's agricultural development has entered a new stage: it is at the stage of transition from traditional agriculture to modern agriculture. It seems that the development of modern agriculture in China has effectively offset the negative effects of rural restructuring on grain production by changing crop productivity. For example, China's total annual grain output witnessed a consecutive increase from 2003 to 2014 under the background of nonagriculturalization, nongrain preference and abandonment of farmland use. What change has occurred in the total factor productivity (TFP) of China's crop production? What contributes to the continuous increase in grain yield? What influence do the external environment variables have?
To answer these questions, this study adopted the combined method of the three-stage Malmquist productivity index (MPI) and the Bootstrap-MPI to estimate the agricultural TFP, and correct the influence of the uncontrollable external environmental factors, such as the environmental factors affecting production activities, on the changes in China's crop production. On this basis, this article revealed the change in the TFP of China's crop production and its influencing factors against the background of agricultural reform and a mode of accelerated transformation development.
Literature review

Development of TFP and its application in agriculture
Total factor productivity is often interpreted as the "surplus" in total output that cannot be explained by the factor input. Early TFP estimations mainly used traditional econometric models, such as the CobbeDouglas production function, the Solow model, the Tornqvist index, the growth accounting method, and the average function method (Carter et al., 1999; Fan and Zhang, 2002; Lin, 1992; McMillan et al., 1989; Wen, 1993) . Since the 1990s, frontier analysis has gradually been introduced into the calculation of TFP, with technical efficiency taken into consideration. Based on whether a specific production function is assumed, the frontier analysis is divided into parametric methods (e.g., deterministic frontier analysis [DFA] , stochastic frontier analysis [SFA]) (Aigner et al., 1976 (Aigner et al., , 1977 Battese and Coelli, 1992; Headey et al., 2010) and non-parametric methods (e.g., data envelopment analysis [DEA] , MPI) (Alene, 2010; Charnes et al., 1978; Esposti, 2011; Headey et al., 2010) . Compared with the parametric method, the non-parametric method has the advantages of simultaneously studying the multi-input and multi-output TFP issues, of having no need for a specific production function, and not being affected by subjective factors, so most scholars tend to use non-parametric frontier analysis. However, the measurement of actual technical efficiency is influenced by management efficiency, the external environment of production activities, the manager's luck and other uncontrollable variables. Therefore, some methods have been proposed, such as the one-stage model (Banker and Morey, 1986) , the two-stage model (Bhattacharyya et al., 1997; Fried et al., 1993; Timmer, 1971) , the three-stage model (Fried et al., 2002) , and the four-stage model (Fried et al., 1999) . These models effectively eliminate the interference of environmental factors and manager's luck on the measurement of technical efficiency but cannot correct the estimation error caused by a limited sample size. Therefore, some scholars (Simar, 1992; Simar and Wilson, 1998, 1999; proposed the bootstrap method to correct such estimation errors and applied this method in the correction of TFP estimations (Grosskopf, 1996; Odeck, 2009; Tortosa-Ausina et al., 2008; Zhang and Bartels, 1998) .
Since the 1970s, TFP has gradually been applied to the research on estimation and evaluation of agricultural productivity. The researches on TFP mainly include the estimation of agricultural TFP, evaluation and analysis of regional TFP differences, and analysis of the growth factor of TFP. Hayami (1969) analyzed the output elasticity of different input factors and the resultant international differences in agricultural productivity using transnational data (38 countries, including the United States, India and Japan) from 1957 to 1962. adopted the MPI to estimate the agricultural TFP of 93 countries from 1980 to 2000. The average annual TFP of China's agriculture was found to reach 6.0%, which was far higher than the average growth rate of TFP (2.1%) in other countries.
Since 1978, the TFP of agriculture in China has experienced significant changes. Fan (1997) estimated the TFP of agriculture of China using a Tornqvist-Thile index. It was found that the productivity increased by 1.51% annually from 1952 to 1995. Nin-Pratt et al. (2010) reported that TFP growth in China was high, with an average annual growth rate of 2.11% from 1961 to 2006. Nevertheless, the growth rate increased to 3.40% after the reforms of the late 1970s and early 1980s. Hong et al. (2010) found that China's agricultural TFP developed by 3% per year from 1978 to 2008 using the DEA method, and technical change was the main source of China's agricultural TFP growth. Many researchers reported that the planned economy, economic environment, and R&D (research and development) could affect agricultural activities. However, when these uncontrollable factors, such as off-farm employment, farmers' incomes and natural disasters, were added into the assessment of TFP, it was not possible to present an accurate picture of productivity. When aiming to obtain an accurate estimate of TFP, it is necessary to find a method to "filter" the external environment and random factors.
The evolution of agricultural policy in China since 1978
Since 1978, China has gradually deregulated the prices and allowed prices to reflect basic market conditions (Nin-Pratt et al., 2010) . The double-track price system was a transitional policy from a planned economy to a market economy from the mid-1980s to the mid-1990s. The transitional policy generated obvious effects on the crop production decisions of households. However, such an intervention policy could enlarge market price fluctuations (Aigner et al., 1977; Li and Zhang, 2012) . In this context, the State Council of China introduced the protection price system for grain purchase in 1993. With this, the basic system of grain circulation was formed. During this period, the household responsibility system (HRS) e a basic economics system e evolved from the people's commune. The HRS equally allocated collectively owned (or village-controlled) land to individual households in each village (Deng et al., 2010; Song and Liu, 2014) . As the most important land system innovation, HRS had become the primary motivator for increasing agricultural productivity in the early reform period (Huang et al., 2012) .
In the second stage (from the mid-1990s to 2002), aiming to stabilize market grain prices at a reasonable level and reduce the financial burden of the grain support program (Brummer et al., 2006) , the Chinese government gradually implemented policies to protect market grain prices. However, the price of agricultural products was still restricted by policies, hindering the farmers' enthusiasm for agricultural investment and application of new technology (Ren et al., 2009) . During this period, the pace of agricultural economics development slowed, and grain production decreased from 508 million tons in 1999 to 431 million tons in 2003 (NBSC, 2000a; 2004a) . Furthermore, in 1998, China started the second round of rural land contracts. In 1999, the policy stating that the duration of land contracting and management is 30 years became law. Farmers' land-use rights were strengthened to offset the adverse effects of local government's unfavorable behavior relating to crop production.
In 2000, many grain varieties were gradually withdrawn from the protection price system. In 2003, the policy relating to a state monopoly on the purchase and marketing of grain was canceled. The land contract system entered a new stage with standardized features. The average farm size increased slightly after 2000 due to land transfers (Deng et al., 2010; Huang et al., 2012) . The intensive large-scale management has been strengthened in farmland, but the fragmentation of farmland management has not been changed fundamentally (Long and Woods, 2011b) . In addition, Chinese central government implemented a series of preferential agricultural policies, such as the abolition of agricultural tax, the policy of higher price for higher quality produce and subsidies for superior crop varieties, to boost agriculture development. These measures effectively reduced the burden on farmers, and increased their enthusiasm for grain production. Grain production in China thus experienced a consecutive increase for five years in succession after 2003 (NBSC, 2004a 2005a; 2006a , 2007a 2008a were assumed; 4 t is a set describing the possibilities of y t being produced by x t in time period t, and referred to as the production possibility set. This was defined as:
In order to avoid the difference caused by randomness of period selection, Caves et al. (1982) used the geometric mean of formulas (5) and (6) to measure the MPI for the productivity change from the time period t to tþ1, i.e.,
When the index is greater than 1, it indicates that the TFP increases from t to tþ1, and vice versa. The technical efficiency change (TEC) index and technical change (TC) index can be obtained by decomposition. The TEC in formula (7) gives a measure of change in technology at t to that at tþ1, which signifies that the CRS frontier shifts over time. The TEC can be decomposed into two factors (F€ are and Zhang, 1994) : pure technical efficiency change (PTEC), and scale efficiency change (SEC):
Note that the subscript v refers to the VRS (Variable Returns to Scale) technology, while c refers to the CRS technology; PTEC and SEC are measures of pure efficiency change and scale efficiency change, respectively, and TEC c,i ¼PTEC v,i ÂSEC i ;SEC i ¼TEC c,i /TEC v,i . TC remains unchanged from formula (7), and gives a measure of change in technology. While TC signifies that the CRS frontier shifts over time, PTEC reflects the change in maximum output caused by the adjustment of input under VRS.
Stage two: panel SFA
At stage two, the input-oriented Banker-Charnes-Cooper (BCC) model (Banker et al., 1984) in DEA was used for regression; the panel SFA model was then used to analyze the impact of the external environment on input slack, and finally, the original input bias was adjusted. The specific procedure is as follows (Fried et al., 2002) :
(1) Calculation of slack variable by traditional DEA model:
where l is a K Â i vector of constants which contained the efficiency score for thex t n , s t nk is the stage-one slack in the usage of the n-th input for the k-th producer in t-th year, x t n is the n-th row of x in t-th year, andx t n l is the optimal projection of x t nk onto the input efficient subset for output vector y i ; is the management invalidity term following the truncated normal distribution of (m n ,s um ). V t nk and U t nk are mutually independent. When g¼s um /(s um þs vm ) is close to 1, the management factor is dominant; when g¼s um /(s um þs vm ) is close to 0, random interference dominates.
(3) Adjustment of input: In order to eliminate the influence of external environment factors and random factors on efficiency change, the input of k decision making unit (DMU) in the t-th year was adjusted to the worst environment and worst luck. The adjustment formula is as follows: At this point, the influence of external environment has been eliminated from the efficiency change.
Bootstrap-MPI method
Although the Malmquist MPI adjusted at the first three stages has eliminated the influence of external environment factors on efficiency factor, it was measured through the estimation of limited observation samples. The potential extreme sample value will bring about a bias to the efficiency evaluation. Therefore, bootstrap method was used to correct the MPI. The basic idea of bootstrap is to sample repeatedly in the original sample set and to builds a good approximation of the true distribution, after which the estimate simulating the distribution of original estimated samples was generated. The specific calculation process is as follows (Simar and Wilson, 1998): (1) The input value adjusted at stage two, and raw output data were used to calculate the MPI of each sample (k ¼ 1, 2,.., K) at each time point (t 1 , t 2 ); (2) The repeated sampling method with replacement was adopted to draw the initial bootstrap sample with a scale of (3) For the smooth bootstrap sample obtained at step (2), the traditional MPI method was adopted to obtain the estimated
Cultivated land is mainly used to grow crops that conform to narrowly defined agriculture. Therefore, the agricultural output value among the output values of agriculture, forestry, animal husbandry, sideline productions and fisheries was selected as the output index (Table 1) . In order to avoid the deviation caused by price fluctuations, this study took 1999 as the base period for the conversion of the comparable price in each year.
Production is undertaken with the help of resources which can be categorised into natural resources (land), human resources (labor) and manufactured resources (capital). Land is a vital factor of production which helps in the production of goods and services (Lei, 2003) . The area of land utilized for crop production was selected as an land input index i.e. cultivated land area (Table 1) . Labor force is an essential productive factor for agriculture production. It provides a possibility of changing nature resources to goods. Although the labor time per unit area can accurately reflect the labor input in crop production, it cannot be directly obtained from the statistical yearbook at province level. Therefore, we select the number of employed in agriculture as a labor input according to the research of Lin (1994) . Along with the progresses in agricultural technology, labor force can be replaced by agricultural machinery to some degree. However, in many underdeveloped mountain areas in China, draft animals are still the main power in crop production. Hence, agricultural machinery power and number of draft animal are also selected as another two labor inputs (Chen, 2006; Fang, 2010) . Since the chemical fertilizer can improve soil fertility and increase crop yield, the amount of chemical fertilizer input is chosen as a capital input (Table 1) . Water is a vital limiting factor for crop production. Agriculture water consumption is the best indicator evaluating water input in crop production. However, for the lack of this data, we selected the effective irrigation area of cultivated land as an input index.
The external environment variables are the variables that have an impact on the efficiency of crop production but are not under the subjective control of cultivators. This study takes into account four aspects, i.e., urbanization, farmers' economic situation, human resource levels, and natural disasters (Table 1) . Urbanization is the process of migration and aggregation of the agricultural population to the urban area, and also the allocation of agricultural labor resources. Therefore, the urbanization rate was selected as an external environment variable. The farmers' economic situation has a direct impact on their enthusiasm for agricultural production, and further affects the efficiency of crop production. This was evaluated by the per capita net income of rural residents. Human resource level was selected as another variable because it affected the farmers' production skills and knowledge, as well as the output and efficiency of crop production. The occurrence of natural disasters in a region could reduce the crop yield. Thus it was selected as the fourth variable.
Data sources
This study selected the panel data of the crop production output and input and environment variables of 31 provinces/autonomous regions in China in 1999e2008 for analysis. The data were collected from the China Statistical Yearbook (NBSC, 2000b; 2001b; 2002b , 2003b 2004b , 2005b 2006b , 2007b 2008b , 2009b , the China Rural Statistical Yearbook (NBSC, 2000a; 2001a; 2002a , 2003a 2004a , 2005a 2006a , 2007a 2008a , 2009a , the China Agricultural Yearbook (MAC, 2000; 2001; , 2003 2004 2006 , 2009 1949e2008 (NBSC, 2010 . Table 2 describes the statistical characteristics of the panel data of China's 31 provinces/autonomous regions in 1999e2008.
In the first stage in this study, the traditional MPI of 31 provinces/autonomous regions from 1999 to 2008 was measured with DEAP 2.1 software. In the second stage, the DEA-BCC model was used to measure the input slack of crop production each year for each province. Panel SFA regression was carried out on the input slack and external environment variables using Stata software to calculate the influence of external environment variables on input slack, and the deviation of the original input was rectified. In the third stage, the original output and the rectified input were used to calculate the MPI again. Finally, the bootstrap rectification of MPI was carried out with MaxDEA software.
Results
The first stage: the results of traditional MPI
Calculations were carried out with a traditional MPI model (section 3.1.1.) to obtain the changes in the TFP of China's crop production (Fig. 1) . On the whole, without the consideration of external environment variables and random factors, the TFP of crop production from 1999 to 2008 improved. The average annual growth of TFP reached 3.5%, wherein the average annual growth of the TEC index was 0.3%, and that of the TC index was 3.2%. That is, the utilization of the input factors may have not been greatly improved, while the production frontier has experienced greater movement caused by bringing in advanced techniques. At different stages, the TFP of crop production decreased only in 1999e2000 and was always greater than 1 in other years. The total agricultural machinery power of farming, harvesting, and transportation that are closely related to the agricultural production link.
EIA
The area of paddy field and irrigated land with equipped irrigation engineering or equipment which can ensure the normal irrigation CF The application amount of nitrogen, phosphorus and compound fertilizer that are essential for crop cultivation. DF The number of large livestock actually used for agricultural production. It was assessed as follows: the number of rural households Â the number of draft animals owned by 100 rural households at the end of the year Â 100.
External environment variables UR
The ratio of urban population to total population.
FES
The per capita net income of rural residents.
HRL
The average education year. This index was based on the level of education of China's population divided by the average number of years in education: zero years for illiterate or semiliterate; six years for primary school; nine years for junior high school; 12 for senior high school (including secondary specialized schools) and 12 years for university (including undergraduate and postgraduate studies).
ND
The disaster-affected crop area.
Notes: AOV is agricultural output value; ALF is agricultural labor force; AMP is agricultural machinery power; EIA is the effective irrigation area; CF is chemical fertilizer; DF is draft animal; UR is urbanization rate; FES is farmers' economic situation; HRL is human resource levels; and ND is natural disasters.
slightly and only fell behind in two time periods: 1999e2000, and 2007e2008. Production technology advanced in other time periods. To sum up, the analysis of traditional MPI indicates that technical progress was the leading factor for changes in the TFP of crop production.
The second stage: panel SFA
The input slack separated by formula (9) was taken as the explained variable, and the four external environment variables selected above were taken as the explanatory variables for panel SFA. The results are shown in Table 3 . It can be seen that the coefficients of most of the external environment variables with respect to input slack variables passed the significance test, except for the application amount of chemical fertilizer. All the g values in the regression of the four external environment variables to six input slack variables, respectively, were close to 0. This indicates that the random error of input slack variables dominated.
When the regression coefficient is negative, it indicates that the increase in environment variables is conducive to reducing the input slack e that is, avoiding waste and inefficient use of input variables. When the regression coefficient is positive, it indicates that the increase in external environment variables could result in an increase in input slack and hence the waste of input variables or increase in output.
Urbanization rate (z 1 ): The level of urbanization improves the different input slack variables in various ways. The coefficients of the urbanization rate, with respect to the area of cultivated land, agricultural employment, effective irrigation area, application amount of chemical fertilizer, and draft animals, were all negative, while with respect to total agricultural machinery power the coefficients were positive. All the slack variables' coefficients, except for the application amount of chemical fertilizer, passed the significance test of 1%.
Per capita net income of rural residents (z 2 ): The coefficients of this variable with respect to the six input slack variables were positive. As in the previous example, only the application amount of chemical fertilizer did not pass the significance test while the coefficients of the other slack variables all passed the significant test of 1%. That is to say, the increase in the per capita net income of rural residents would blindly increase the inputs of various input elements, leading to inefficient use of the cultivated land. In addition, much of the labor force returned to agricultural production attracted by the increased household income, leading to increased redundancy of the labor force (Guo et al., 2010) .
Average number of education years of farmers (z 3 ): The regression coefficients of this variable to the six input slack variables were negative. All the slack variables' coefficients passed the significance test of 1%, except for the application amount of chemical fertilizer. The accumulation of human capital is widely recognized as a crucial prerequisite for decreasing the cost of disseminating agriculture technology. Average education years could represent human capital investment. A well-educated farmer would arguably be more able to effectively use advanced technology, avoiding the inefficient use of input elements.
Disaster-affected crop area (z 4 ): The disaster-affected crop area Notes: y is agricultural output value; x 1 is area of cultivated land, x 2 is agricultural employment, x 3 is total agricultural machinery power, x 4 is effective irrigation area, x 5 is application amount of chemical fertilizer, x 6 is draft animal, z 1 is urbanization rate, z 2 is per capita net income of rural residents, z 3 is average education years of farmers, and z 4 is disaster-affected crop area. had different impacts on the six input variables. The coefficients with respect to the area of cultivated land, agricultural employment, effective irrigation area, and application amount of chemical fertilizer were positive, however, draft animal was negative. Except for the application amount of chemical fertilizer, the coefficients of all variables all passed the 1% significance test. The occurrence of natural disasters in a region could reduce the crop yield. From the aspect of production frontiers, the reductions in crop yield were caused by the input slack. That is, natural disasters will waste inputs that should be utilized to produce crops. From the perspective of the significance test, only the application amount of chemical fertilizer had a poor estimation result. As an important variable related to crop yield, the amount of applied chemical fertilizer depends greatly on the planting structure, which has higher commercial value. Furthermore, according to previous studies, the difference in the amount of applied chemical fertilizer among different provinces is small. Except for the chemical fertilizer, the external environment variables had a significant impact on the other input slack variables (confidence level 99%). To achieve an exact measurement of TFP, it is essential to ensure the same management environment and luck for all areas by eliminating the influence of non-operational management factors in the input slack variables of cultivated land.
The third stage: MPI after adjustment
Formula (11) was used to adjust the original input, and the adjusted input and original output were used as the new input and output respectively to calculate the MPI at the third stage (Fig. 2) . After the elimination of the impact of external environment variables on the measurement of productivity change, the MPI of crop production decreased in 1999e2000 and 2006e2007 compared with the first stage, but improved in other time periods. The average annual increase in the productivity of crop production was 7.6%. Specifically, the average annual change of the TEC index increased from 0.5% to 0.8% in the stage-one MPI measurement. The average annual change of the TC index increased from 3.2% at the first stage to 6.8%, increasing by 3.6%. So it can be seen that the measurement of the TC index is mainly limited by the external environment variables. In different time periods, following the elimination of external environment factors, the fluctuation range of the MPI of crop production increased compared with the first stage. In 1999e2000, the change in MPI of crop production increased from À6.1% at the first stage to 8.4%, increasing by 14.5%; in 2000e2001, MPI decreased from 3.4% at the first stage to À3.9%, decreasing by 7.3%. The change in MPI of crop production remained the same in other time periods. In the survey period, urbanization rate, per capita net income of rural residents, and average education years of farmers showed a steadily increasing trend with slight fluctuations. Due to the influence of climate, natural, and other uncertainty factors, the disaster-affected crop area was the main cause for significant fluctuations in the MPI in the third stage. Two events that probably had a significant impact on the measurement of MPI fluctuation in the third stage were the catastrophic flood disaster in 1998, and the continuous drought from 2000 through 2001.
Bootstrap-MPI
In order to improve the accuracy of measurement, a bootstrap method was applied (Section 3.2) to measure the change in TFP of crop production, and both the estimated value of efficiency and confidence levels were provided. The arithmetic average method was used to process the MPI and its constituent indexes (TEC and g 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** Notes: x 1 is area of cultivated land, x 2 is agricultural employment, x 3 is total agricultural machinery power, x 4 is effective irrigation area, x 5 is application amount of chemical fertilizer, x 6 is draft animal, z 1 is urbanization rate, z 2 is per capita net income of rural residents, z 3 is average education years of farmers, and z 4 is affected crop area. Single asterisk (*) denote p<10%; double asterisk (**) denote p<5%; and Triple asterisks (***) denote p<1%. TC) of crop production of 31 provinces/autonomous regions after rectification with the bootstrap method and to obtain the change in Bootstrap-MPI of China's crop production (Fig. 3) . The average annual increase in TFP of China's crop production between 1999 and 2008 was 6.1%, and the overall productivity showed a trend of continuous improvement. But the growth was also accompanied by marked fluctuations: generally two stages were identified, i.e., a fluctuant decreasing stage (1999e2002) and a rapid increasing stage (2002e2008). In 1993, China formally established the protection system of grain purchase prices. Since 1997, China has gradually implemented policies and measures to protect market grain prices in order to maintain them at a reasonable level. However, the price of agricultural products is still restricted by policies, hindering the farmers' enthusiasm for agricultural investment and application of new technology (Ren et al., 2009) . Such an impact might have caused the continuous decrease in the productivity of crop production, and have been responsible for the negative growth between 2000 and 2002. Since 2000, the Chinese government has launched many agricultural policies, e.g., the price protection of grain, the state monopoly system for the purchase and marketing of grain and a policy on agricultural taxes, which effectively reduce the burden on farmers and increase their enthusiasm for production. In this context, the TFP of crop production also increased rapidly e especially in 2002e2003 when its growth rate reached 24.44%.
From the perspective of composition, the TFP of China's crop production significantly depended on technical progress, rather than an improvement in technical efficiency. The reform of the agricultural policy system played a significant role in mobilizing farmers' enthusiasm and increasing the demand for production technology. In recent years, the Chinese government has implemented a series of agricultural technology policies, covering the introduction of agricultural technology, technology transfer, and its technology promotion policy (Jin et al., 2010) . The total investment in agricultural research has been increasing year by year, and the annual average growth rate was 8% from 1999 to 2008 (NBSC, 2000a; 2009a) . In that period, China's agricultural scientific research system also gradually transformed to the enterpriseoriented innovation system, and the methods for technology promotion diversified. Under the combined effects of policy stimulus, market dominance, and company and farmers' independent choice, the TC index of crop production in China improved significantly, with an annual growth rate reaching 6.2%. The variation trend of the TC index was similar with that of the TFP index, which means that the TC index contributed a lot to the change in TFP of crop production.
During the research period, the productive technical efficiency of China's crop production showed a slight negative growth with an annual average growth rate of À0.1%. The TC index fluctuated slightly with a fluctuation range between À1.2%e1.0%. Two subperiods were identified: 1999e2004 and 2004e2008. Before 2004, the TEC index showed a declining trend that had a negative impact on the growth of TFP of crop production; it showed a steady and slightly increasing trend between 2004 and 2008, but had little effect on improving TFP.
Discussion
Urbanization could increase the efficiency of the crop production
Urbanization impacts on the efficiency of the crop production in two aspects: scale operation of farmland, and the use of advanced technology. In the process of urbanization, the increasing off-farm employment and cultivated land rental transactions promote the large-scale operation of farmland (Cao and Birchenall, 2013; Huang et al., 2012) . In addition, urban development affects the promotion of advanced technologies. On the one hand, many advanced agricultural technologies need the support of an industrial sector. On the other hand, urban development has spillover effects on advanced agricultural technology. The spillover effects could promote the transfer and spread of advanced agricultural technology thus increasing output and reducing input slack.
The use of advanced technology is inadequate and have region differences
According to the characteristics of agricultural production, the effectiveness of technical efficiency is influenced by the application of production technology adopted by farmers, allocation of input resources and the management level of production. Furthermore, it is influenced by the production frontier. When advanced technology is applied by only a few producers, the production frontier will shift substantially because only minor units have improved the production efficiency due to adopting advanced techniques, while most units decrease in efficiency due to their failure to use advanced techniques. Thus, the overall technical efficiency would be low.
If the technology adopted by producers is popular and has been utilized for a long time, the technical efficiency remains at a high level. Overall, it was difficult for the TEC and TC indexes to grow synchronously between 1999 and 2008: technical progress and the loss of technical efficiency coexisted in crop production. After eliminating the external environment variables that influence productive technical efficiency, such as natural disaster and farmers' education years, the changes in the technical efficiency of crop production illustrated that the promotion of advanced technology in crop production is inadequate and there were also regional differences in the application of technology.
Implications of crop production from the perspective of TFP
Many researchers have measured the TFP in agriculture or its sub-sectors. However, it is difficult to assess the accurate change value of TFP in agriculture. In a frontier analysis, the results are easily affected by the data source and study period. Most findings reported that the TFP of agriculture (including crop production) in China varied from 2% to 5% from 1998 to 2008, which is consistent with the result from our first stage regression. When we split the influence of environment variables and management noise in the third stage, the fluctuation in the growth of MPI is larger than that of other researches.
The health of the agricultural economy in China will increasingly rely on the growth of TFP, instead of the growth of inputs. According to our findings, the growth of TFP in crop production had certain distinguishing characteristics, e.g., it was susceptible to agricultural policy, technical progress coexisted with the loss of technical efficiency, it strongly relied on technical progress, and advanced technologies were inadequately disseminated. To make full use of the input elements, crop production should pay attention to the popularization and innovation of advanced technology. However, although stripping off the external environment factors and random factors can clearly depict the changing trends and characteristics of productivity, it is difficult to remove the influence of these variables in practice. Hence, to improve efficiency of crop production, some measures are needed, e.g., promoting the standardization of land transfer, operating the farmland to a proper scale, strengthening construction of the rural infrastructure and increasing investment in human capital and so forth.
Limitations of the research
According to the decomposition method proposed by Fare et al. (1994) , the enhanced decomposition to decompose MPI needs the same repeated samples under VRS and CRS in the bootstrap-MPI stage. Unfortunately, due to the limitation of the software, the bootstrap-MPI under the VRS and CRS cannot be calculated simultaneously which means that the bias under VRS and CRS are different. Therefore, the enhance decomposition to decompose bootstrap-MPI was not chose at this stage. The PTEC and SEC thus cannot be obtained at this stage. In the future, how to calculate the bootstrap-MPI under the VRS and CRS using the same repeated samples would be an interesting research topic.
In this paper, panel data of provincial cross-sections of China was collected. The provincial data can only be obtained from the statistical yearbooks, where exact figures for labor force and draft animals of crop production could not be attained directly. We utilized the proportion of agricultural sector output in total value to calculate the labor force in crop farming and draft animal owned by households to represent the draft animal input. These index selections may lead to some bias in the measurement of the labor force input and draft animal input. However, we think it is a feasible solution to the solve the data lack problem. In the future, household surveys at a large scale should be strengthened to provide more accurate input data.
Conclusion
By combining the three-stage MPI and the Bootstrap-MPI, we measured the changes in TFP of crop production in 31 provinces/ autonomous regions in China from 1999 to 2008. The four external environment variables, including urbanization, farmers' economic situation, human resource levels, and natural disasters, and other random factors all had a significant impact on the generation of crop production input redundancy. The random factors were the dominant factors. Through the measurement of TFP using adjusted data, it was found that the traditional MPI model underestimated the TFP and its decomposition (TC index and TEC index). The measurement in the third stage showed that the annual average growth rate in the TFP of crop production was 7.6%. After ratification with the bootstrap method, the MPI showed a large fluctuation compared with the estimation at the third stage, and the samples all passed the 5% confidence test. As for the decomposed efficiency, the fluctuation amplitude of the TEC index became smaller compared with the third stage; the variation trend in the TC index was the same as that of the MPI, and its fluctuation amplitude was larger compared with the third stage.
After rectification with the bootstrap method, the TFP of China's crop production increased by 6.1% in 1999e2008, showing a trend of improvement. However, the productivity decreased between 2000 and 2002 and 2006 and 2007 . Through the composition of TFP, it can be seen that the technical efficiency decreased by 0.1% between 1999 and 2008, with the variation range between À1.2% and 1.0%; the TC index of crop production improved by 6.2%, with a large fluctuation amplitude. Structurally, the growth in TFP of China's crop production significantly depended on technical progress instead of an improvement in technical efficiency. Notes: double asterisks (**) denote significant differences from unity at 0.05.1000 bootstrap replications. Numbers greater than zero indicate improvements. Notes: double asterisks (**) denote significant differences from unity at 0.05.1000 bootstrap replications. Numbers greater than zero indicate improvements. Notes: double asterisks (**) denote significant differences from unity at 0.05.1000 bootstrap replications. Numbers greater than zero indicate improvements.
